edge of the obtained spectra. Another important aspect of the CdO based semiconductors is the formation of electron accumulation layer at the surface, which is caused by the defect-induced pinning of the surface Fermi energy at the Fermi level stabilization energy, E FS 10,11 , or the charge neutrality level [12] [13] [14] [15] . Formation of quantized electron states has been reported in the surface electron accumulation region of CdO 16, 17 . From the theoretical point of view, a hybridization of O 2p state with deeper-lying d state of the metal plays an important role in the electronic structure of post-transition metal oxides [18] [19] [20] . The p-d hybridization in the rock-salt (rs) structure with octahedrally-coordinated metal cation pushes the valence-band states to lower binding energies. This anisotropic hybridization vanishes at zone center and produces maxima in the O 2p valence bands located at the L point and midway along Γ-K line, and the minimum of conduction band at Γ point. The strength of p-d hybridization depends on the energy difference and spatial extent of both states. Thus, it is important to elucidate the evolution of the three-dimensional band structure with Zn content for whole Brillouin zone (BZ) .
In this work, we have performed an angle-resolved photoemission spectroscopy (ARPES) on well-ordered single-crystal thin-film of rs-phase Cd x Zn 1−x O alloys with x = 1.0, 0.83 and 0.60 in order to investigate their three-dimensional band structure. We have found that the changes of the indirect and direct band gap are mainly related to the shift of the valence band whereas the charge neutrality level in conduction band shows small shift. The in-plane dispersion of quantized sub-band states in the electron accumulation region at the surface reveals non-parabolic dispersion of the conduction band. Thickness of the charge accumulation layer and the surface carrier density has been estimated from the binding energy of quantized sub-band states.
experiment
The rs-Cd x Zn 1−x O thin films were epitaxially grown on MgO(001) substrates by a molecular-beam epitaxy (MBE) system with a radio frequency radical cell as the source of oxygen. The base pressure of the growth chamber was less than 6 × 10 −8 Pa. 7N Zn and 6N Cd were used as source materials. Prior to the films growth, MgO substrates were ultrasonically cleaned in organic solvents. Then, rs-Cd x Zn 1−x O films with the thickness of 100 nm were grown at a substrate temperature of 250 °C and a growth rate of approximately 1 nm/min. During the growth, a reflection high-energy electron diffraction (RHEED) pattern was monitored to characterize the crystalline quality. In this study, the Cd flux ratio f (= [Cd]/([Zn] + [Cd])) was changed between 0.94 and 1.0 to obtain rs-Cd x Zn 1−x O thin films with different Cd composition, and three rs-Cd x Zn 1−x O thin films with x = 1.0, 0.83, and 0.60 measured by energy dispersive x-ray spectroscopy (EDX) were prepared.
Photoemission measurements were performed at the beamline BL13 in Saga Light Source
21
. Prior to the photoemission measurements, samples were annealed at 300 °C in ultra-high vacuum for about 14 hours to remove surface contaminations. Surface cleanliness and the structure have been characterized by core-level photoemission and low-energy electron diffraction (LEED) measurements. Sharp (1 × 1) LEED spots were observed on x = 1.0 and 0.83 samples. The sample with x = 0.60 showed LEED patterns with broad and weak spots indicating slightly poor crystalline quality. This is consistent with X-ray diffraction (XRD) data obtained from this sample which show a broadened diffraction peak. Core-level photoemission spectra were measured using a photon energy of 700 eV. Valence band photoemission spectra were measured using photon energies between 14 eV and 130 eV. The Fermi energy and the energy resolution were confirmed by measurements for the Fermi level of the gold reference. The overall energy resolutions were estimated to be 0.40 and 0.04 eV for core-level and valence band measurements, respectively.
Results and Discussion
X-ray diffraction profiles of Cd x Zn 1−x O films with x = 1.0, 0.83, and 0.60 are shown in Fig. 1a . A diffraction peak from (200) plane of rs-Cd x Zn 1−x O is found for all films, and the diffraction angle shifted to higher angle side with decreasing Cd content x due to the replacement of Cd site by smaller Zn atoms. The full width at half maximum (FWHM) of the diffraction peak becomes wide at x = 0.6, indicating the deterioration of the crystallinity although the single crystal epitaxial layer was obtained as confirmed by a reflection high-energy electron diffraction pattern shown in the inset of Fig. 1a . The optical band gap energies of Cd x Zn 1−x O with x = 1.0, 0.83, and 0.60 were determined as 2.5, 2.88, and 3.0 eV, respectively, from the square plots of optical absorption coefficients (α) obtained from optical transmission and reflection as shown in Fig. 1b . The electrical properties were characterized by Hall effect measurements using the van der Pauw configuration at room temperature. The resistivity (ρ), electron concentration (n), and mobility (μ) of Cd x Zn 1−x O are summarized in Table 1 . Since the electron concentration are high as in the order of 10 20 cm
, the optical band gap energy obtained above is expected to be influenced by Burstein-Moss (B-M) shift 5 . The detailed study on the structural, optical, and electrical properties of Cd x Zn 1−x O epitaxial layers on MgO (100) substrates will be published elsewhere.
Cd 3d 5/2 , Zn 3p and O 1s core-level spectra of Cd x Zn 1−x O with x = 1.0, 0.83, and 0.60 are shown in Fig. 2 . The spectra are well fitted using Voigt shape peaks. Besides the main peak (red), an additional component (blue) originating from the surface layer with downward band bending was found for all Cd x Zn 1−x O samples. Similar shifted-component from the surface atoms has been reported on InAs surface with downward band bending forming an electron accumulation layer 16 . The bulk component of the O 1s occurs at binding energies of 528.95 ± 0.01, 528.98 ± 0.01, and 529.33 ± 0.01 eV for the Cd content of x = 1.0, 0.83, and 0.60, respectively. The component at about 531.6 eV for x = 0.60 sample originates from residual surface contamination of CdCO 3 and C-OH species as reported previously 22 . The bulk component of Cd3d 5/2 occurs at binding energies of 404.26 ± 0.01, 404.24 ± 0.01, and 404.48 ± 0.01 eV for the Cd content of x = 1.0, 0.83, and 0.60, respectively. The Zn 3p spectra were fitted by two spin-orbit split 3p components with ΔE SO = 3.0 eV 23, 24 . The bulk component of Zn 3p 3/2 occurs at the binding energies of 87.74 ± 0.05 and 88.13 ± 0.05 eV for the Cd content of x = 0.83, and 0.60, respectively. The shifts of the surface components relative to the bulk components were fitted assuming the same value for all core levels. The downward band bendings have been estimated as 0.87 ± 0.01, 0.76 ± 0.01, and www.nature.com/scientificreports www.nature.com/scientificreports/ 0.82 ± 0.01 eV, for x = 1.00, 0.83, and 0.60, respectively. Thus, quantized conduction sub-bands are expected in such deep wells at the surface. Figure 3a shows the three-dimensional BZ and (001)-projected surface BZ of rs-CdO. Figure 3b shows energy distribution curves (EDCs) of CdO (x = 1.0) at normal emission measured with photon energy ranging between 14 eV and 130 eV. The overall character of the curves is similar to those reported previously 16 . The second derivative images of the curves are shown in Fig. 3c . The normal emission spectra show periodic structures corresponding to the band dispersion along surface normal (Γ-X) direction. Prominent features are found at around 2.8 eV in binding energy measured with photon energies of about 26 and 118 eV. Similarly, another prominent feature is found at 6 eV in binding energy with photon energy of 70 eV. The points of high symmetry along surface normal direction are indicated by white lines. These points follow the free electron dispersion with an inner potential of U 0 = −8.8 eV and an effective mass of 0.88m e . Also, two dispersing bands along Γ-X-Γ points are noticed in the ARPES mapping.
Besides the normal-emission measurements, in-plane angle-resolved measurements have been performed with tuning the photon energy. As shown in Fig. 4a , the band dispersion along wave vector parallel to the surface including Γ point (Γ-X line) and X point (X-W line) can be measured using the photon energy of 118 and 70 eV, respectively. While the dispersion along Γ-X line has been measured with both 118 eV and 30 eV, the conduction band features around the Γ point are clearly resolved with the photon energy of 30 eV. After the azimuthal rotation of 45° within the sample surface, the band dispersion along the wave vector parallel to the surface at the Γ point (Γ-K line) and the X point (X-U line) were measured using the photon energy of 118 and 70 eV as shown in Fig. 4b . The observed band structure is summarized in Fig. 4c . The overall features of the band dispersions resemble those previously calculated (Fig. 4d ) 16 . Two bands are dispersing downward from the binding energy of 2.8 eV at the Γ point to 4 and 6 eV at the X point. In addition to these bands a projected dispersion of the hole band located on Γ-K symmetry line is observed in the ARPES image measured with the photon energy of 118 eV. The lower binding energy band on Γ-X line has a degeneracy of 2 and disperses to lower and higher binding energies when the degeneracy is lifted on the line from X to W point. The band at higher binding energy on Γ-X line disperses to lower binding energy from X to W point. Three bands are distinguished in the ARPES mapping for Γ-K direction. The upper band with a maximum midway along the Γ-K line of the valence band is clearly resolved in the ARPES mapping. This is in agreement with the theoretical calculations that attribute this effect to www.nature.com/scientificreports www.nature.com/scientificreports/ the p-d mixing 18 . It should be noted that the projected band dispersion along the Γ-L direction, which contains the valence band maximum (VBM) position is superimposed on the ARPES mapping along the www.nature.com/scientificreports www.nature.com/scientificreports/ images. As shown in Fig. 6 , the valence band features shift to higher binding energies with increasing Zn content. VBM position at midway along the Γ-K line, where band dispersions along the Γ-L line are also projected, shows larger shift than the valence band at the zone center. Binding energies of observed bands at Γ, X, W, and K high symmetry points are summarized in Table 2 after the compensation of the amount of band bending at the surface. The decrease of the lattice constant due to the replacement of Cd site by smaller Zn atoms accounts for the increase of the band gap. In addition, the energy difference between Γ 15 and VBM decreases with Zn-doping, indicating the reduced p-d hybridization with increased Zn content.
The spectra in Fig. 6 show conduction band features found just below the Fermi level around the zone center. The features corresponding to the quantized two-dimensional electronic states associated with the accumulation layer on the surface are clearly resolved for CdO (x = 1.0). The bottom of the first sub-band on CdO is located at the binding energy of 0.43 eV. Figure 6d shows the energy distribution curve (solid line) and its second derivative (dashed line) of the conduction region at the zone center. As shown in Fig. 6d , a weak trace of n = 2 state is also identified at 0.20 eV for x = 1.0. In the x = 0.83 sample, the first and second sub-band features are found at 0.47 and 0.23 eV, respectively. On the other hand, no quantized sub-band can be resolved for the sample with x = 0.60. The observed smearing out of the quantized features can be attributed to the poor crystalline quality of the x = 0.60 sample. While it is difficult to distinguish the bulk conduction band from the smeared sub-bands, the photoemission intensity related to conduction band states extend to about 0.5 eV. Thus, the lower bound of Table 2 . Binding energy of the observed bands at Γ, X, W, and K high symmetry points and corresponding direct and indirect gap values E g from ARPES measurements. The position of bulk CBM and the depth of surface potential and corresponding charge concentration were determined to reproduce the binging energies of quantized sub-bands with n = 1 and 2.
www.nature.com/scientificreports www.nature.com/scientificreports/ the conduction band minimum of x = 0.60 sample would be 0.5 eV below the Fermi level. From the small shift of charge neutrality level with Zn content, it is concluded that the increase of optical band gap with Zn content is mainly related to the increase of the intrinsic band gap rather than the B-M effect, which imply that the high transmission in IR region would be preserved on the alloying with Zn.
In order to see the dispersion of conduction sub-bands in detail, the second derivative images of photoemission spectra for x = 1.0 and 0.83 are shown in Fig. 7a,b , respectively. The in-plane band dispersion of quantized sub-bands with n = 1 have been determined from peak positions on energy and momentum distribution curves and are plotted using solid circles in Fig. 7a ,b. Solid lines in Fig. 7a,b indicate results of least-square fittings with non-parabolic dispersion based on the Kane k·p approximation 25 using direct band gap values of 1.79 and 2.03 eV. These band gap values have been determined for the energy separation between valence band at Γ point and conduction band minimum (CBM) determined to reproduce the subband position using a model potential as discussed below. The obtained band edge effective masses are approximately 0.14m 0 and 0.17m 0 for x = 1.0 and 0.83, respectively. The effective mass from optical measurement for the bulk conduction electrons is slightly smaller than 0.21m 0
26
. The dispersion of quantized conduction band is isotropic with respect to the parallel wave-vector. Fermi wave vector of the sub-band with n = 1 is about 0.14 and 0.16 Å −1 for x = 1.0 and 0.83, respectively. The corresponding sheet carrier concentrations of N 2D = k f 2 /2π ~ 3.1 × 10 13 and 4.1 × 10 13 cm −2 are estimated using Luttinger area of Fermi surface 27 . The quantized conduction sub-band with n = 1 has a smaller binding energy than that reported in previous work 16 where CdO films with the thickness of 380 nm were grown on r-plane sapphire using metal-organic vapor phase epitaxy and cleaned in UHV by an annealing at 600 °C, that is higher than our annealing temperature of 300 °C. This could affect the concentration of electrically active surface adsorbates which, as has been shown in refs 28, 29 , are important factors determining the surface band bending. The quantized two-dimensional conduction-band-states in the electron accumulation layer have been modeled assuming an exponential quantum well V(z) = −V 0 exp(−z/z 0 ), where V 0 is a surface potential and z 0 is a characteristic length of the potential 13 . The eigenenergies of the quantized levels are obtained by solving the one dimensional Recently, it has been reported that sub-band energies and corresponding surface carrier accumulation are greatly increased by electric dipole layer with the adsorption of molecules on the surface of degenerated semiconductors 28, 29 . Thus, both parental bulk-carrier-density and surface carrier distribution that greatly depends on the environment should be carefully taken into account for the exact evaluation of transport properties. Figure 8a -c show photoemission spectra of as-grown (before annealing) and UHV-annealed samples. O 1s and Cd 3d 5/2 core levels were curve fitted using Voigt shape peaks. Whereas as-grown samples show large contamination components, bulk components can be well resolved. The VBM positions were determined by extrapolating linear fits for the baseline of valence band spectra. As shown in Fig. 8a-c , bulk components and VBM position of as-grown samples are located at about 0.5 eV higher binding energies than those of UHV-annealed samples. Figure 8d shows the schematic valence and conduction bands of Cd x Zn 1−x O with x = 0.83. The bulk carrier density of UHV-annealed sample was estimated as 2.1 × 10 19 cm −3 from the depth of surface potential that reproduce the energies of quantized states in the surface accumulation layer and also from the Luttinger volume of conduction band whose bottom is located at 0.15 eV below the Fermi level. Figure 8e shows the schematic band diagram of as-grown samples determined by assuming a rigid shift of valence and conduction bands to 0. . The optical band gap is also estimated as about 2.7 eV. These values are in good agreement with those from optical absorption and Hall measurements. The decrease of carrier density upon the annealing have also been reported previously and described as the decrease of unintentional carriers by the removal of defects or atoms at interstitial sites 26 .
Conclusion
We have performed angle-resolved photoemission spectroscopy (ARPES) using synchrotron radiation to determine the three-dimensional band structure of rock-salt (rs) Cd x Zn 1−x O (x = 1.0, 0.83, and 0.60). A decrease of p-d hybridization with Zn content accounts for the larger increase of indirect band gap than that of the direct band gap. The charge neutrality level in conduction band shows small shift with Zn content. Thus, the increase www.nature.com/scientificreports www.nature.com/scientificreports/ of optical band gap is mainly related to the increase of the intrinsic band gap with Zn content rather than the B-M effect. Two-dimensional electronic states due to the quantization along the surface normal direction are formed in the surface accumulation layer and show non-parabolic dispersion. The binding energy of quantized two-dimensional state is well reproduced using an accumulation potential with the observed surface band bending and the characteristic width of about 30 Å.
